Abstract: Increased thermotolerance of Listeria rnonocytogenes induced by exposure to a high NaC1 concentration or a sublethal heat shock was concurrent with increased thermal stability of the 30S ribosomal subunit as measured by differential scanning calorimetry. It is proposed that protection of the 30S subunit is a critical mechanism for increased thermotolerance.
Introduction
Previous studies in this laboratory have shown that environmental conditions prior to and during heating can considerably affect the thermotolerance of many microorganisms including Listeria monocytogenes [1, 2] . In these and other studies investigating mild temperature thermal inactivation, ribosomal damage and degradation have been implicated, either directly or indirectly, as the underlying mechanisms of inactivation [1] [2] [3] [4] [5] [6] [7] [8] [9] .
The most recent of these studies [1, 10] used the technique of differential scanning calorimetry (DSC) to study the intracellular denaturation events that occur during thermal inactivation.
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Differential scanning calorimetry allows whole cells to be studied whilst a heat stress is applied. Thermograms of whole cells of several mesophilic bacterial species including Vibrio spp., Pseudomonas spp., Brocothrix thermosphacta, Escherichia coli, Streptococcus faecalis, Streptococcus faecium, Citrobacter freundii and L. rnonocytogenes [1, 11, 12] show only a few major peaks but are very similar with respect to the number and position of these peaks. Ribosomes have been proposed as the major contributors to the largest peak in the thermogram [1, [10] [11] [12] . Anderson et al. [1] and Mackey et al. [10] proposed that this main peak was due to ribosome denaturation based on comparisons of peak size and shape and peak position with thermograms from isolated ribosomes. Mackey et al. [10] , using E. coli, went further in their analysis and isolated 30S and 50S subunits as well as whole 70S particles. By corn-paring the thermograms for the different subunits with whole cell thermograms they proposed that the shoulder on the leading edge of the main peak, in the 50-80°C temperature region, represented part of the denaturation process of the 30S subunit and the larger main peak represented the remainder of the 30S denaturation and the denaturation of the whole 70S particle.
The study by Anderson et al. [1] was performed on whole cells washed and resuspended, prior to calorimetry, in a Mg e÷ chelating citrate/phosphate buffer. It is widely reported in the literature [13] [14] [15] [16] that loss of Mg 2+ from the cell destabilizes ribosomes into 30S and 50S subunits. Hurst and Hughes [4] and Pierson et al. [17] have further suggested that Mg 2÷ loss from the cell is followed by cation-inhibited ribonuclease attack on the destabilized 30S subunits. Hurst [3] proposed a sequence for events leading to ribosomal damage after mild heating of Staphylococcus aureus in a Mg 2+ sequestering buffer.
Membrane damage resulting from heating caused the loss of Mg 2÷ which led to 70S ribosome dissociation into 30S and 50S subunits, ribonuclease activation and finally destruction of the 30S subunits. It is thus difficult to separate the effects of Mg e÷ loss from ribosomal damage as the primary cause of thermal inactivation. The purpose of this study was to investigate the effects of NaC1 and sublethal heat shock on ribosomal damage and denaturation due to mild heating in L.
monocytogenes.

Materials and Methods
Organism and media
Listeria monocytogenes F4642 (Scott A), obtained from H. Seeliger, was maintained at 4°C on slopes of Heart Infusion Agar (Oxoid). All cultures were grown to late-exponential phase at 30°C, with shaking, in tryptic phosphate broth (TPB) at pH 7.0 [18] .
Thermal inactivation studies
A portion (25 ml) of the late-exponential phase culture was centrifuged at 8000 ×g for 15 min and resuspended in 10 ml of Tris buffer (10 mM Tris. HC1, pH 7.5, 6 mM MgCI2, 30 mM NH4CI) and 5 ml of triple strength TPB. After 30 min in a waterbath at 20°C (unshocked) and 30 min at 46°C (shocked), the suspensions were heated at 58°C in a submerged-coil heating apparatus [19] . Samples (0.2 ml) were removed at predetermined time intervals, rapidly cooled in 9 ml of TPB and incubated at 30°C for 90 min to allow recovery of a high proportion of heat-damaged cells. Survivors were counted following serial dilution in TPB and plating on tryptone soy agar, TSA (Oxoid).
Differential scanning calorimetry (DSC)
Sample preparation. Late-exponential phase cultures were harvested at 8000 × g for 15 min and resuspended in 10 ml of Tris buffer with 0% and 9% NaCI (w/v). After incubation for 15 rain at 20°C, cells were repelleted and stored on ice prior to use. Weighed samples (10-13 mg wet weight) were hermetically sealed in 20 /zl aluminium DSC pans. Reference pans contained 10 /zl of resuspension buffer.
Induction of heat shock. Harvested late-exponential phase cultures were resuspended in 10 ml of Tris buffer and 5 ml of triple strength TPB. Suspensions were incubated in a waterbath at 46°C for 30 min (shocked) and 20°C for 30 min (unshocked), cooled and then repelleted before scanning in the DSC.
Calorimetry. Samples were heated in a Perkin
Elmer DSC-7 instrument at 10°C min-1 from 0°C to ll0°C as described by Anderson et al. [1] . In selected experiments, samples were heated at 10°C min -1 to 58°C and held for predetermined times before cooling to 0°C at 200°C min-1 and holding for 1 min at 0°C. These were then rescanned at 10°C min -1 up to a temperature of ll0°C.
Measurement of viability.
Samples, prepared as above, were heated in the calorimeter to predetermined temperatures and cooled to 0°C at 200°C min -1. Pans were removed, split using a sterile scalpel and vortex-mixed in 9 ml of TPB for up to 1 min until all the sample was thoroughly dispersed. After resuscitation for 90 min survivors were counted as described previously.
Results and Discussion
Effect of NaCl on loss of viabifity and DSC thermogram
The thermogram of L. monocytogenes, in the presence of 0% NaC1 (w/v), showed two major peaks between 60°C and 80°C, labelled A 1 and A 2 (Fig. 1A) . The first peak (A 1) was the smaller of the two peaks, with a maximum at 66.48°C (n = 8, SD = 0.38). The second peak (A2), was the largest of the entire thermogram with a maximum at 72.61°C (n = 8, SD = 0.22). The thermogram of L. monocytogenes, in the presence of 9% NaCI (w/v), however, showed only one distinct peak between 60°C and 80°C, labelled A 3 (Fig.  1B) . This peak, which was significantly larger than A 1 and A 2 (330 J kg -1 °C -1 compared with 210 J kg -1 °C -1 for A2), had a maximum at 71.63°C (n = 8, SD = 0.57). None of the peaks A1, A 2 or A 3 reappeared following rapid cooling and reheating (unpublished results). Viability of cells heated in the calorimeter in the presence of 0% NaC1 (w/v) showed a rapid decrease between 57.5°C and 67.5°C (Fig. 1A) . The onset of death, which occurred between 57.5°C and 60.0°C, coincided with the onset of the denaturation event which resulted in the first distinct peak (A1). No viable cells were recovered after 67.5°C. Loss of viability of cells heated in the calorimeter in the presence of 9% NaC1 (w/v) (Fig. 1B) showed similar kinetics to those heated in the absence of NaC1. The temperature range of the viability loss, however, was shifted from 62.5°C to 72.5°C. The onset of death was also shifted to between 62.5°C and 67.5°C coinciding with the onset of the denaturation event which resulted in the major peak (m3). Viable cells could be recovered at temperatures up to 72.5°C.
Effect of heat shock on the thermal denaturation of the major DSC peak
Preincubation of L. monocytogenes in Tris buffer and TPB at 46°C for 30 min considerably increased its thermotolerance when subsequently heated at the lethal temperature of 58°C (Fig. 2) . Heating unshocked cells to 58°C and holding in the DSC, significantly affected the size of the A 1 peak (Fig. 3A) . From a distinct peak (Fig. 3A. i) which had a height of 100.5 J kg-1 °C-1 with no holding at 58°C it was reduced to a shoulder which had a height of 58.8 J kg -1 °C-1 after 1 min heating at 58°C (Fig. 3A .ii), a reduction of 41.5%. It was further reduced to a height of 44.1 J kg -1 °C -1 after 2 min heating at 58°C (Fig.  3A. iii), a reduction of 56.1%, and holding at 58°C for 5 min resulted in its disappearance (Fig.  3A .iv). Heating at 58°C for 2 min would have resulted in a 99.28% loss in viable cells (Fig. 2) . Heating cells, which had previously been exposed to the sublethal incubation at 46°C (heatshocked), to a temperature of 58°C and holding in the DSC had a less destructive effect on the A1 peak (Fig. 3B ) than it did in cells that were not previously heat-shocked. The peak height was reduced from 129.9 J kg-1 o C-1 to 105.4 J kg-1 °C -1 after 1 min heating at 58°C (Fig. 3B .ii), a reduction of 18.9%. It was further reduced after 2 rain heating at 58°C but by only 22.6% to 100.5 J kg -1 °C -1 (Fig. 3B. iii), and after 5 min heating at 58°C the peak was still detectable as a distinct shoulder with a height of 79.68 J kg-1 °C-~ (Fig.  3B .iv), a reduction of 38.7%. Heating at 58°C for 2 min would have resulted in an 88.2% loss in viable ceils (Fig. 2) . Heating, of both shocked and unshocked cells, at 58°C for 1, 2 and 5 min had no effect on the stability of other peaks in the thermogram, including the largest peak, A 2 (187.2 J kg -1 °C-1). The position of the two large peaks, A 1 and A2, was shifted in cells which had been exposed to a sublethal incubation at 46°C. The peaks had maxima at 64.28°C and 70.10°C, respectively, in unshocked cells and maxima at 66.00°C and 71.49°C in shocked cells. Exposure to a sublethal heat shock at 46°C did not affect the position of other peaks in the thermogram.
Ribosomal stability and increased thermotolerance
Mackey et al. [10] using E. coli and Anderson et al. [1] using L. monocytogenes all produced thermograms from whole 70S ribosome particles in Mg 2÷ conserving buffers. These thermograms had characteristic irreversible double peaks in the 60-80°C temperature region. Listeria monocyto- genes resuspended in a Mg 2÷ conserving buffer prior to calorimetry, in the presence of 0% NaC1 (w/v) (Fig. 1A) , produced a similar double peak with maxima at 66.48°C and 72.61°C. With no Mg z+ depletion, the ribosomes must be regarded to be in the native state with only a small degree of dissociation [14, 15] . The double peak was seen also when L. monocytogenes was resuspended in distilled water and 10 mM Tris-HC1 buffer (pH 7.5) (unpublished data), but not in citrate/phosphate buffer [1] . Several workers [10, [20] [21] [22] have shown that the 30S subunit is more heat-labile than the 50S subunit, which is then in turn more heat labile than the complete 70S particle. Peak A1, in agreement with Mackey et al. [10] , is proposed to be the result of 30S subunit denaturation and peak A 2 is proposed to be the result of 50S subunit denaturation with an overlap of these two events in the region between 66.48°C and 72.61°C.
In the presence of 9% NaCI (w/v), the characteristic double peak was not detectable (Fig. 1B) . It appeared that the high NaC1 concentration increased the denaturation temperature of the 30S subunits possibly through cellular dehydration leading to an increase in the internal solute concentration. The higher Mg 2+ concentration may contribute to tighter coupled particles [14, 15] in which the 30S subunits were more heat stable. The addition of NaC1, therefore, indirectly protected the 30S subunits causing them to denature at a higher temperature. Peak A 3 was much larger than both A 1 and A z, the result of a higher concentration of protein and greater protein thermal stability [23] due to the tighter subunit binding. Earlier work in this laboratory [1] using a mild Mg 2÷ sequestering citrate/phosphate buffer, produced thermograms from L. monocytogenes which had only one peak at 68.6°C in the presence of 0% NaC1 (w/v). The reduced availability of Mg 2÷ would have destabilized the ribosomes and increased dissociation into separate 30S and 50S subunits [13] [14] [15] [16] . In this state the 30S subunits were no more heat labile than in the native state. The 50S subunits, however, in the dissociated state were more heat labile. The uncoupling of the 70S particles would have reduced the thermal stability of the subunits and therefore a smaller peak was obtained. In the presence of 9% NaC1 (w/v) cellular dehydration still occurs and tightly coupled 70S ribosome particles are formed giving rise to a large single peak at 74.3°C [1] .
The onset of loss of viability (Fig. 1A) , in the presence of 0% NaC1 (w/v), occurred at the same temperature as the onset of the denaturation event that gave rise to peak ml, i.e. the denaturation of the 30S subunits. The onset of loss of viability (Fig. 1B) , in the presence of 9% NaCI (w/v), was shifted up by 5°C occurring at the same temperature as the onset of the denaturation event that gave rise to peak A3, i.e. the denaturation of the 30S subunits in the more tightly coupled 70S particles. It appears as though the increase in thermotolerance of L. monocytogenes caused by exposure to a high NaCI concentration is concurrent with the increase in the thermal stability of the 30S subunits. Therefore, it seems reasonable to propose that the exposure to a high NaCI concentration, indirectly protected the 30S subunits, and this protection increased the thermotolerance of the microorganism. A similar shift in peak position and increase in thermotolerance was observed by Anderson et al. [1] who used a citrate/phosphate buffered system with 0.5%, 3% and 9% NaCI (w/v).
Exposure to a relatively high concentration of NaC1 is just one environmental 'shock' that increases the thermotolerance of L. monocytogenes. Heat shock (e.g. previous exposure to a sublethal temperature such as 46°C for 30 min) also increases the thermotolerance of this microorganism (Fig. 2) . Loss of a peak with time when a sample is held at a fixed temperature in the DSC can be used to monitor the kinetics of protein thermal stability. The rate of reduction of the 30S subunit peak (A 1) in shocked cells was significantly less than in unshocked cells, which suggests that the 30S subunits were stabilised by the heat shock. After 5 min heating at 58°C, the thermogram for heat-shocked cells still contained a shoulder in the A 1 peak position. When compared with unshocked cells, 120-fold more heatshocked cells still remained viable after this treatment. In both shocked and unshocked cells peak A 2 was unaffected after 10 min at 58°C (unpub-lished data) suggesting that the 50S subunits were significantly more heat stable than the 30S subunits. In addition, the temperature of maximum denaturation for peak m I was increased by 1.72°C in shocked cells. We have also observed this peak shift and the increase in ribosome stability when cells are exposed to chloramphenicol (100 /xg ml-1) during heat shock. Exposure of unshocked cells to chloramphenicol neither increases their thermotolerance nor changes the position of the 30S peak. The role of heat shock proteins in the stabilisation of ribosomes is therefore doubtful and another mechanism (e.g. ionic stabilisation) must be considered. Further work is currently underway to determine which mechanism is involved in protection of the 30S subunits.
